Abstract:
INTRODUCTION
In the scanning methods of the optical system, the traditional mechanical scanning system is the most widely adopted method, which includes mirror, prism scanning, etc. It has the advantages of simple structure and large scanning angle, etc. but its limitation is that it has large inertia of mechanical movement, low scanning speed, heavy weight, etc. The acoustic optic/electro-optic or binary optical scanning are emerging technologies in recent years, and their scanning speeds are very fast, but the scanning angles are relatively small and the power consumption is also large, and the most important aspect is that their efficiencies are low, and their driving structures are complicated and expensive. Therefore, in order to realize miniaturization, low power consumption, low cost and large scanning angle, and high stability two-dimensional MEMS scanning mirror equipment by using the MEMS technology, the basic and most important step is to develop the space laser scanning detection system. In 1980, Kurt e. Petersen published the first article about MEMS scanning mirror [1] , known as the research work of MEMS scanning device which has been lasted for more than 30 years. The research of early MEMS scanning device focuses on the imaging, such as the confocal microscopy [2 -7] , the bar code recognition [8] , the fingerprint recognition [9] , etc. Other applications include the optical coherence tomography technique (OCT) [10] , the retinal scan display (RSD) [11] , printer, head-up display and the laser radar (LIDAR) in the automated production lines [12, 13] .
The Germany Fraunhofer institute studied the damping model, vacuum sealing [14, 15] , closed-loop control [16] , angular sensor of electrostatic comb drive in their research work. In 2009, the IPMS group of Germany's Fraunhofer institute studied the integration piezoresistive angular sensor on two-dimensional micro MEMS scanning mirror, whose sensitivity can reach 0.42 mV/V°. Fraunhofer institute of Germany adopts the method of scattering force point, optimizing structure of supporting to improve the dynamic deformation of micro mirror. After improvement, the designed micro mirror dynamic flatness is five times higher than the design of the IPMS team. The resonance frequency of the micro mirror is 16 KHz. The diameter of mirror is 1 mm, the mechanical deflection angle is about 10°, which can satisfy the imaging demand of VGA (640×480 pixels), and the dynamic deformation is relative small. It is based on the design and optimization of laser detection system of MEMS scanning mirror, according to the need of goal application, it adopts the laser module to complete the design of laser driver circuit, and modulation circuit.
The designed system information processing module mainly includes echo receiving circuit design, signal amplification and filter circuit design, angle and distance synchronous circuit design, etc.
The design of detection system of non-cooperative target is shown in Fig. (1) , which is mainly composed of laser, modulation unit, MEMS two-dimensional micro scanning mirror, piezoresistive measuring unit, the light receiving unit and a signal processing unit, et al. The principle target detection and measurement of system is that the modulation unit produces modulation signal to start the laser and the beam of laser scanning and detecting the measured target, through the reflex lenses of the micro two-dimensional scanning mirror, scanning beam can make detection to target objects, it will produce the reflected beams, which can be received by the photoelectric detector in the receiving unit, and it receives signal and echo signal and outputs them to the signal processing unit.
According to the measurement signal of deflection angle of the two-dimensional MEMS micro scanning mirror, the signal processing unit can calculate the relative orientation of target and according to the phase difference of the echo signal and modulation signal; it calculates the relative distance of the target and the specific location information of the target can be obtained.
The work of whole system involves the measuring of distance and angle. The main working principle of distance part is that the modulation circuit generates the driving laser source of the modulation signal. Loading a carrier on the emission laser, the beam emitted by the laser source will be launched to space through the scanning micro mirror. In the process of laser scanning in the space, if the scanning light meets the objects such as space debris, satellite, etc., it will be scattered. The scattering light beam of the receiving target of the echo receiving circuit can produce echo signal, and through the processing, the echo signal will present pulse signal form. In the comparison of the pulse echo signal and local signal used by the laser modulation, it adopts phase comparison ranging method to calculate the target relative distance. The main working principle of angular part is that the piezoresistive angle measuring circuit of scanning micro mirror produces the deflection angle signal, and triggers the angle information which can be collected by the echo receiving circuit, and it gets the time point of two-dimensional scanning deflection angle corresponding to the reflected beams. Through the target's relative distance information, two-dimensional deflection angle information, it can commonly get the space relative position information of target related system. On the basis of the principle prototype, the integration design and packaging of the scan detection system can be made. Detection system test is based on MEMS micro mirror, it can build test platform to complete the system test and field test accurately. The system environmental adaptability and typical environmental measurements are also researched.
MAIN DESIGN OF SYSTEM
The integrated MEMS laser scanning imaging detection system mainly consists of two parts. Its host system includes the MEMS two-dimensional scanning mirror, the main control circuit system, APD (Avalanche Photo Diode), the fiber laser, the collimator and external drive power which is the external accessory, the half external attachments extended by the host is the focusing lens. The basic principle of the system is shown in Fig. (2) .
In the main control circuit, it outputs modulation signal, through two axis rotation of the MEMS two-dimensional scanning mirror, laser ranging signal of the outer fiber laser can reflect scan space target. The echo focuses on APD end face through focus lens group and it is converted to electrical signals. The time measurement module in the main control circuit can work out the object distance, and it is synchronous to the angle signal produced by the scan mirror to achieve the distance and azimuth information of the non-cooperative target. The internal structure of detection system is shown in Fig. (3) . It adopts the phase laser ranging method to design the laser ranging system, the system principle diagram is shown in Fig. (4) . The working principle is that the frequency produced by the modulation circuit module is sine signal whose frequency is f s , it can module the laser in the laser emission module. At this time, among two types of signals of different frequencies in the reference signal (transmitting signal) and return signal (received signal), the two signals coexisted. The transmitting and received signals are connected into the signal processing module, through filtering, amplifier, shaping and phase module, the final distance results can be obtained.
Design of Scanning Method
Detection system adopts two-dimensional piezoelectric MEMS scanning mirror to make the laser deflect and scan. The structure of micro two-dimensional scanning mirror is shown in Fig. (5) , which is composed of the reflective lens, inertia generator, flexible beam, induced block and piezoresistive sensors, et al. When it exerted driving voltage composed by the resonant frequency in two scanning directions on the piezoelectric actuators at the same time, the lens will resonate around in the y and x axis direction at the same time so as to realize the large angle deflection scanning in two dimensions, its scanning range is about, as shown in 
Design of Basic Circuit
It produces the design of integrated circuit, and the electronic system can be divided into four relatively independent parts, namely the PZT drive module, angle signal processing module, APD module, phase ranging signal processing module and FPGA control module, et al.
Master control module
The master control unit takes the FPGA as the core, it includes the synchronous sampling, and the global input clock is 25 MHz. The DAC used to drive micro mirror is the small package chip AD5320 which is made by ADI Company.
The measurement of pitch and azimuth angle of the micro mirror should adopt parallel sampling method, in order to improve its accuracy; it chooses 1MHz sampling rate and16 bit parallel ADC chip-AD7655, as shown in Fig. (6) . 
Micro Mirror Driver Module
The comb drive module includes the comb drive high voltage generating circuit, comb drive high voltage amplification circuit, et al. The diagram of module block is shown in Fig. (7) . The comb drive high voltage module adopts the booster chip LT8580, DAC output signals are low voltage, which are amplified by high gain rail-to-rail amplifier LTC6090 of LINEAR Company, and it can satisfy the requirement of high voltage driving signal of the comb drive, and amplitude of which should be 60V. Fig. (7) . PZT module block.
Laser Driver Module
The laser driver module circuit is used to produce laser modulation signal to modulate the laser intensity, and at the same time the signal is also used as the reference signal of range phase. According to the requirements of the phase ranging, the output signal of modulation circuit should be 75 KHz. The DDS output signal is coupled into the following part, it chooses the OPA567 power amplifier of TI to drive large current phase ranging laser. 
APD and Signal Module
The APD and signal module mainly include the adjustable APD voltage automatic gain control module, APD signal automatic gain control module and APD. In order to generate adjustable APD output function, it increases a three-time diode double voltage circuits based on the high pressure output of MAX1932ETC, and in order to curb the influence of temperature change on the output voltage, it adopts the thermal RT1 as temperature compensation device.
The automatic gain control circuit adopts TI-THS7530 automatic gain amplifier, the variable gain amplifier of which is from 11.6 dB to 46.5 dB, whose gain slope is 38.8 dB/V and the bandwidth is 300 MHz, which is the total differential input and output and it is quite suitable for the APD detector with a pre-amplifier, differential output (Fig. 8) . Fig. (8) . APD module.
Phase Ranging Signal Processing Module
The phase ranging signal processing module mainly involves the filter circuit and phase pulse generating circuit. It designs a band-pass filter whose center frequency is 75 KHz; it extracts the sine signal to prepare for the subsequent phase. In the phase detecting circuit, the output of band-pass filter whose center frequency is 75 KHz is put into highspeed comparator ADCMP600, and then the sine wave signal converted the square wave signal, and then it is imputed into the FPGA to make the phase to be verified and then the measurement results with large scale are obtained (Fig. 9). Fig. (9) . Angle signal processing module block.
Angle Signal Processing Module
The angle signal processing module adopts the PCap01 capacitance digital conversion chips of ACAM Company, when measurement frequency is 10 KHz, which has 12 capacitance measurement precision, whose highest measurement frequency can be up to 500 KHz. The angle changes of X axis and Y axis will cause the changes of capacitance sensors, through PCap01 Digital Conversion Chip (CDC) it can measure the capacitance value of the sensor and it also can measure the angle, the angle information of two axis is communicated with main control chip through the SPI bus. 
Integrated Design of System
The above part has completed principle of validation of range detection of system. In order to meet the requirements of the whole system miniaturization integration based on the original distance principles, it performs integration and miniaturization design for the whole system, as shown in Figs. (10) and (11). 
Optical System Design
In order to increase the area of receiving optical signals in the system, it uses focused lens to gather receiving light and to make the focus point be on the photosensitive face of APD. The arrangement scheme of mirror group is shown in Fig. (12a) , the lens part is on the surface of the host, APD is put on PCB surface, whose space is lF of focused optical system rear cut distance, and the focusing effect can be improved through aberration correction.
It adopts ZEMAX software in the design; it selects a set structure which is composed of the single chip's reflection and the double agglutination lens, as shown in Fig. (12) . The optimized system focal length is f=62.13954 mm, the rear cut distance is lF=48.62075 mm, the diameter D is 40 mm, the size of the light spot is about 38.126μm, the incident window diameter less than the APD is 2.39 mm.
(a) (b) (c) Fig. (12) . Design of ZEMAX system. Fig. (13) . Fiber laser instrument.
Selection of Laser Transmitting Module
The laser uses the fiber output semiconductor laser FC1064-150/06-SMD, which is shown in Fig. (13) . The relevant APD adopts SAR500-H2 silicon avalanche photodiode produced by Laser Components Company; the bandwidth is from 10 kHz to100MHz, which can satisfy the requirements of system frequency modulation (the frequency of 15 KHZ and 1.5 MHz). The working wavelength is from 400nm to 1100nm, its responsivity of 915 nm light signal is 2.7 ×10 6 V/W. (Fig. 14)   Fig. (14) . Avalanche diode 2-15 SAR500-H2.
SYSTEM PERFORMANCE TEST

Mechanical Parameters Test
In the space application, it has strict requirements for the volume and quality of system. According to the requirements of indicators, it measures the overall dimension and quality of prototype of integration non-cooperative target detection system, and it uses the measurement methods of vernier caliper, thickness gauge to validate whether the system reach the requirement. After testing, the system prototype dimension is 50mm×50mm×80mm; the quality is 0.313 kg, which is conformed to the requirements of the system.
Power Consumption Test
According to the requirements of indicators, it tests the system power consumption and verifies whether it is satisfied with the requirements.
It uses the test cable connecting the integration detection system, power supply and PC. Then the detection 1.
system is powered on, and the PC test program is started. Starting the PC test program, the integrated detection system is going into the working state, which regularly 2.
sends detection data frames to the PC and reads the output voltage and output current of digital power supply which is 5V, and then it calculates power and makes record. The system power consumption of test results is 2.85W, which is conformed to the requirements of the system.
Detection Scanning Angle Test
The biggest deflection angle of the detection system is tested. The detection system makes scanning in two orthogonal directions, as shown in Figs. (15) and (16) . When the scanning is performed in two directions at the same time, it can form designed scanning probe. In the paper, it mainly tests the scanning range when the system makes scanning in two axis at the same time. The scan angle testing principle of integrated detection system is shown in figure, and the test method is as follows:
The integrated non-cooperative target detection system and light screen are installed onto the optical platform, it 1.
makes light center and screen overlapped when detection system makes no scanning and lets the light center and screen to be vertical, it measures the distance between detection system and screen center. We click the start button to make the detection system working in the condition of scanning, the MEMS micro-2.
mirror makes the two-dimensional scanning in the detection system and measure the scanning scope on the light screen grid, in which the conversion principle of the light length and optical scanning angle on quadrille paper is shown in Fig. (17) , the optical scanning angle is as follows: The test results are shown in Table 1 , the maximum scan angle range can be up to ±21.2 °-±20.5°, which is conformed to the requirements of the system. 
Angle Detection Accuracy
The detection accuracy of integrated angle detection system is tested, as shown in Fig. (18) ; the test method is as follows:
Adjusting the light path, when MEMS micro mirror of detecting system is in the non-scanning mode, it makes 1.
the laser from the detection system reflecting to the target through the micro mirror, which is called as zero state Open the system, the system is under a scanning state, the angle target relative to the micro mirror is a two-2.
dimensional angle, it can be represented by two angles (angle of bend, torsion angle), first it ensures that one
angle target relative to the micro mirror is constant, turning the turntable, and then another angle target relative to the micro mirror will be changed.
The rotating platform rotate respectively to 2.5°; 5°;7.5°; 10 °; 12.5 °; 15° in both sides and it collects a total of 12 collection data points, and they can be directly read from screen of PC, and at the same time it can record and read the deviation angle.
Changing the micro mirror coordinate system, it repeats step 2, it makes measurement of the target position of 1.
another direction angle. According to the formula (2), it can respectively calculate the arithmetic mean value of two directions angular 2.
error.
(2) Fig. (18) . Angle measuring accuracy test of integrated detection system.
The test results of angle measuring accuracy are shown in Table 2 , and two axis angle measuring accuracy is respectively ±0.185 ° and ± 0.171 °,which are better than the index requirements. 
Test of Range Detection Accuracy
The ranging precision of integrated detection system was tested in the paper. The test device can simulate the reflection of target 1km outside space, as shown in Figs. (19) , (20), and (21), Photos of the MEMS Micro-scanning mirror are presented and the test method and sequence are as follows: Fig. (19) . Simulation testing principle of space distance precision integrated detection system. Starting the integrated detection system, it loads driver and modulation signal to the optical fiber coupled laser, 1.
and through the hand held optical power meter detects shot light power and record the data; Turning off the laser, it couples FC emergent plug of optical fiber coupled laser and insulator entrance plugs of 2.
optical fiber simulation ranging system (1km optical fiber, the optical path:1477+ 5m) by FC adapter outlet with fiber coupled laser FC). Once again it loads the same modulation signal to the laser, it adjusts attenuator of the optical simulation ranging system outputs to make the incident light power of emergence and the ratio is 2.2756 ×10 -4 , when it is used to simulate the attenuation of 1mrad angle beam reflected by extension target1.5 km away. Making the attenuator output part be aim to the focus lens of the alignment integrated detection system, it reads 3.
the angle value through the PC display and simultaneously records deviation of readings and path; Repeating steps (2)~(3), it records 10 measurement results of 1km optical fiber target of integrated detection 4. (Table ) system, according to the type (3), the average value can be calculated, and reference accuracy index can be obtained accordingly;
(3)
5 The optical fiber analog ranging system is replace with 500m (optical fiber: 739±5m), repeat steps (1)~(4).
The test results are shown in Table 3 , when optical path is 1477±5m, the ranging error is about ±3.1m, when optical path is 739m±5m, the ranging error is about ±2.4 m, which is far better than the requirements. Fig. (21) . Photo of the MEMS Micro-scanning Mirror.
KEY TECHNOLOGY AND RELATED INDICATORS
In the laser detection system based on MEMS scanning mirror design, the focus is the breakthrough of high SNR weak echo signal detection of integrated circuit design, high scan speed quick and high precision angle measuring distance measurement method research and its circuit implementation, and engineering prototype can be completed.
Model of the system is analyzed, and the after multistage enlarging echo signal is passed through FPGA for signal processing, finally, it can realize the weak echo signal detection, and the system miniaturization can be achieved; it adopts FPGA as the master control chip, using the parallel I/O mouth for data reading and writing, the angle and distance of parallel processing can be realized, target orientation detection can also be made. In the integrated MEMS non-cooperative target detection system, its quality is less than 500 g, volume is less than 50 ×50×80 mm 3 , and power consumption is not higher than 3W. Scan range is more than 40°×40°, the azimuth measurement precision is better than 0.2°, ranging accuracy is about 50 m; Temperature range is from -20ºC to 40ºC, 20Krad (Si) can meet the requirement of anti-radiation ability, the mechanical conditions are shown in Tables 4 and 5. Loading time 1min
Loading direction Three axial direction
CONCLUSION
According to actual needs of space target angle measurement, it puts forward a decoupling bi-axial angle 1.
measuring sensor MEMS scanning mirror, on the basis of the principle prototype and scanning coverage analysis, it optimizes the device structure and the resonance frequency, engineering prototype design is completed. It adopts MEMS two-dimensional scanning mirror and active laser ranging technology, the integrated non-2.
cooperative target detection system which has a small volume, light quality, low power, and scanning speed and so on, which is suitable for small space target detection, and it provides powerful means for the application of space satellite. Individual technical indicators of the system are still need to further optimized, take the volume for example, 3.
index factor should be 50×50 ×80 mm 3 , if detection range is greater than 40°×40°, then the numerical aperture of system is at least more than 0.34. In the receiving system the aperture of system should be 40 mm, when focal length is 60 mm, numerical aperture should be 0.31, the received aperture angle is 36.8°, as it is strictly unable to meet the requirements of maximum detection range. Short edge of the system is only 50 mm in size, however, if it takes the size of optical margin pressure and mechanical installation into consideration, it will make the system unable to match the larger aperture receiving system.
